The genes coding for outer surface protein OspC from 22 Borrelia burgdorferi strains isolated from patients with Lyme borreliosis were cloned and sequenced. For reference purposes, the 16S rRNA genes from 17 of these strains were sequenced after being cloned. The deduced OspC amino acid sequences were aligned with 12 published OspC sequences and revealed the presence of 48 conserved amino acids. On the basis of the alignment, OspC could be divided into an amino-terminal relatively conserved region and a relatively variable region in the central portion. The distance tree obtained divided the ospC sequences into three groups. The first group contained ospC alleles from all (n ‫؍‬ 13) sensu stricto strains, the second group contained ospC alleles from seven Borrelia afzelii strains, and the third group contained ospC alleles from five B. afzelii and all (n ‫؍‬ 9) Borrelia garinii strains. The ratio of the mean number of synonymous (d S ) and nonsynonymous (d N ) nucleotide substitutions per site calculated for B. burgdorferi sensu stricto, B. garinii, and B. afzelii ospC alleles suggested that the polymorphism of OspC is due to positive selection favoring diversity at the amino acid level in the relatively variable region. On the basis of the comparison of 16S rRNA gene sequences, Borrelia hermsii is more closely related to B. afzelii than to B. burgdorferi sensu stricto and B. garinii. In contrast, the phylogenetic tree obtained for the B. hermsii variable major protein, Vmp33, and 18 OspC amino acid sequences suggested that Vmp33 and OspC from B. burgdorferi sensu stricto strains share a common evolutionary origin.
The outer membrane protein OspC is an immunodominant surface protein of the spirochete Borrelia burgdorferi, which causes Lyme borreliosis. The first detectable antibody response to B. burgdorferi consists of immunoglobulin M antibodies to OspC as well as to the 41-kDa flagellin (29) . Thus, OspC, like the flagellum (9) , may become an important diagnostic antigen.
The OspC protein is also considered a vaccine candidate, since active immunization with recombinant OspC protected gerbils (22) and mice (23) against subsequent challenge with the homologous B. burgdorferi strain. Moreover, protection against B. burgdorferi challenge was observed in recent studies involving hamsters immunized with a mutant of strain 297 expressing ospC but lacking OspA and OspB (12) . These findings strongly suggest that a Lyme borreliosis vaccine may benefit from inclusion of OspC in conjunction with other antigens.
Significant heterogeneity exists in OspC at the immunological level (25, 28) and at the genetic level (13, 17, 25) . On the basis of the analysis of the nucleotide sequences from seven B. burgdorferi strains, we found that ospC sequences fall into three groups, each corresponding to one of the genospecies B. burgdorferi sensu stricto, Borrelia garinii, and Borrelia afzelii (25) .
In order to further investigate the evolution of the ospC locus, ospC genes from 22 B. burgdorferi strains were cloned and sequenced and compared with ospC nucleotide sequences retrieved from the EMBL database. Additionally, the nucleotide sequences of the 16S rRNA genes from 17 of the B. burgdorferi strains were determined. The sequence data were then analyzed by using phylogenetic methods. The phylogenetic relationship to Vmp33 of the related spirochete Borrelia hermsii was also investigated.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Escherichia coli XL1-blue (recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [FЈ proAB ϩ lacI q Z⌬M15 Tn10]) was obtained from Stratagene (La Jolla, Calif.), and the B. burgdorferi strains used in the present study were from the laboratory collection. The genospecies according to the criteria of Baranton et al. (1) of the 34 B. burgdorferi strains are given in Table 1 and were determined as described by Marconi and Garon (16) . E. coli strains were grown in Luria-Bertani (LB) medium (18) , and B. burgdorferi strains were grown in BSK medium (2) . When required, LB medium was supplemented with ampicillin at 100 g/ml.
DNA techniques. Restriction enzymes and T4 DNA ligase were used as recommended by the supplier (New England Biolabs). DNA sequencing was carried out by the Taq DyeDeoxy termination cycle sequencing method using an ABI373 automatic sequencer.
Cloning and sequencing of ospC. The near-complete ospC genes from 22 B. burgdorferi sensu lato strains were amplified from genomic DNA by PCR using four primer sets: primers BF43 (5Ј-AAT AAT TCA TAT AAA AAG GAG GCA CA) and BF2 (25) were used with strains DK29, DK32, SL14, and SL20; primers BF44 (5Ј-AAA AGG AGG CAC AAA TTA ATG) and BF2 were used with DK35; primers BF46 (5Ј-TGC GAT ATT AAT GAC TTT ATT TTT ATT T) and BF2 were used with strain SL10; and primers BF1 (25) and BF2 were used to amplify ospC from the remaining strains. PCR was performed as previously described (25) , and the products were inserted into the EcoRV site of pBluescript (Stratagene) by the TA cloning procedure (8) . One strand was sequenced for at least two PCR clones of each ospC allele for verification.
Cloning and sequencing of the 16S rRNA gene. The near-complete 16S rRNA gene was amplified from genomic DNA by using standard PCR conditions and the degenerated primers DA73 [5Ј-CGG CGA ATT CAG AGT TTG ATC (C/A)TG GCT CAG] and DA76 [5Ј-CGG CGG ATC CAA GGA GGT G(A/ T)T CCA (G/A/C)CC (C/A/G)CA]. PCR products were cloned into pBluescript by using the primer-integrated restriction enzyme sites for EcoRI and BamHI (underlined). The sequencing primers used were 21M13 forward; M13 reverse; Borrelia-specific sense primers DA115 (5Ј-GCA ACC CTT GTT ATC TGT TAC C) (nucleotides [nt] 1107 to 1128), DA123 (5Ј-CGG GAG GCA GCA GCT AAG AA) (nt 344 to 363), and DA124 (5Ј-CGA TGC ACA CTT GGT GTT AA) (nt 816 to 835); and antisense primers DA72 [5Ј-GAC GTC (A/G)TC C(G/A/T/C)C (A/G/T)CC TTC CTC] (nt 1174 to 1193), DA113 (5Ј-TAT TAC CGC GGC TGC TGG CAC G) (nt 513 to 534), DA114 (5Ј-GCG AGC ATA CTC CCC AGG CGG C) (nt 97 to 998), and DA122 (5Ј-TAG GAG TCT GGA CCG TAT CT) (nt 324 to 343). Nucleotide numbering was obtained by aligning the sequences to the E. coli rrnB sequence. The nucleotide sequence of one clone derived from each strain was determined. More than 95% of the sequence was determined for both strands.
Data analysis. The ospC nucleotide sequences obtained were aligned with previously published ospC sequences by using the Clustal V program (11) . Phylogenetic analyses were based on a distance matrix output generated by the PHYLIP version 3.42 (7) DNADIST program using the method of Jukes and Cantor which corrects for multiple base changes. Trees were constructed by using FITCH with random sequence addition and global rearrangements. DRAW-TREE was used to draw phylogenetic trees, and CONSENSE was used to generate 50% majority rule consensus trees. DNA-maximum likelihood analysis was performed with the fastDNAml program. The reproducibility of tree nodes was analyzed by using the bootstrapping program SEQBOOT. Alignment of OspC and Vmp33 sequences, determination of the percent amino acid sequence identity, and construction of the subsequent phylogenetic tree were performed by using the alignment program of Hein (10) .
The numbers of synonymous nucleotide substitutions per site (d S ) and nonsynonymous nucleotide substitutions per site (d N ) were calculated by the method of Nei and Gojobori (19) , using the NAG version 3.0 program (21) . Since the number of allelic comparisons was too large, we present only the means of d S and d N of ospC and ospA for each of the three genospecies.
The Genetics Computer Group (GCG) program PlotSimilarity was used to calculate the average identity among all OspC amino acid sequences at each position in the alignment, using a sliding window of comparison of 10 amino acids, and the GCG program Antigenic was used to localize putative antigenic domains (5) .
RESULTS
The deduced amino acid sequences from the ospC genes of the 22 strains determined in this work and the 12 strains retrieved from the EMBL database are shown in Fig. 1 . The signal peptide and the amino-terminal and carboxy-terminal eight amino acid residues of the mature proteins were not included in this analysis, as they were not available for all the sequences. The alignment required both insertions and deletions, since the length of the OspC alleles varied between 175 and 181 amino acids. There are 48 completely conserved sites, the majority of which are located in the amino-terminal onequarter of the alignment (Fig. 1) .
Identities in OspC sequences range from 60 to 100%, with an average of 74.4%. Figure 2 shows the percent identity calculated for each position in the amino acid alignment using a sliding window of comparison of 10 amino acid residues. It appears that the majority of the amino-terminal 58 amino acids For estimation of the evolutionary relationship among the ospC alleles, only the nucleotide sequence of the region coding for the amino acids shown in Fig. 1 was used. The ospC distance tree shown in Fig. 3A divides the 34 taxa into three major phylogenetic groups: one consisting of all 13 sensu stricto strains, one containing 7 B. afzelii strains, and one containing all 9 B. garinii strains and 5 B. afzelii strains. The topology shown was supported by the indicated bootstrap values. A similar result was obtained by using DNA-maximum likelihood analysis (not shown).
16S rRNA gene sequences of selected B. burgdorferi strains. The almost-complete sequence of a continuous stretch of 1,488 nt of the 16S rRNA gene from 17 strains was also used to analyze the evolutionary relationship of the B. burgdorferi sensu lato strains. The similarity between these sequences ranged from 98 to 100%. The distance tree obtained (Fig. 3B) split the 17 strains into three major lineages, each corresponding to one of the genospecies B. burgdorferi sensu stricto, B. garinii, and B. afzelii. The topology shown was supported by bootstrap analyses with values of 100, 100, and 92 for the sensu stricto, B. afzelii, and B. garinii groups, respectively.
Phylogenetic analysis of the conserved and variable regions of ospC. On the basis of the amino acid alignments ( Fig. 1 and  2 ), two regions of ospC are distinguished: a relatively conserved region including codons 1 to 58 and a relatively variable region consisting of codons 59 to 150 (hereafter referred to as the conserved and variable regions, respectively). A gene tree was constructed for each of the two regions, and bootstrap values for selected nodes which are supported in more than 75 of 100 trees are indicated (Fig. 4) . The phylogenetic trees show that the conserved regions fall into three major groups, each corresponding to one of the genospecies, while the variable regions do not fall into such groups. When the conserved and variable regions were subjected to DNA-maximum likelihood analysis, the same general branching order was observed (not shown).
Number of nucleotide substitutions. The mean number of nucleotide substitutions in the conserved and variable regions was estimated for each of the three genospecies. The sequences were aligned by using the Clustal V program, and nucleotide insertions were removed prior to the analysis. (Fig. 1) . Amino acid identities were calculated on the basis of this alignment. Of the 48 amino acids completely conserved among the OspC sequences, 25 are also present in Vmp33 (Fig. 1) . A phylogenetic tree based on the amino acid sequences of the mature proteins illustrates the relatedness of OspC and Vmp33 (Fig. 5) . The phylogenetic tree suggests that the six OspC alleles from the sensu stricto strains share a common evolutionary ancestor with Vmp33. comparison of a few ospC alleles, a high degree of polymorphism in ospC was observed (13, 17, 25) . In order to further analyze this polymorphism and the evolution of the ospC gene, we have cloned and sequenced 22 ospC alleles from B. burgdorferi strains isolated from humans and compared them with 12 ospC alleles retrieved from the EMBL database. The almost-complete sequences of the 16S rRNA genes from 17 of the strains were also determined and used as an independent phylogenetic marker.
DISCUSSION
Recently, Dykhuizen et al. suggested that B. burgdorferi is clonal, which means that all genes belonging to the same strain share a common evolutionary history in the absence of recombination (6) . According to this hypothesis, the ospC alleles should have fallen into three monophyletic groups, each corresponding to one of the three genospecies. This was not observed when the near-complete ospC sequence was subjected to phylogenetic analysis, as ospC alleles from five B. afzelii strains fell into a cluster with ospC alleles from all of the B. (Fig. 3A) . The topology of the 16S rRNA gene tree, however, confirmed that the strains analyzed fall into groups corresponding to each of the three genospecies. The trees for the conserved region of ospC and the 16S rRNA genes share 16 strains ( Fig. 4A and 3B) , and the topological relationships of these 16 strains are identical. This similarity of topology suggests that these two sets of sequences have evolved together. The apparent contrasting patterns of evolutionary divergence of ospC compared with 16S rRNA and other B. burgdorferi genes may be explained by unequal rates of evolution. The notion that ospC evolves faster than other B.
burgdorferi genes analyzed is supported by the observation that both d S and d N are clearly higher in the variable region of ospC than in ospA (Table 2) . Thus, the similarity among ospC alleles from B. afzelii and B. garinii strains may be due to a high mutation rate resulting in parallel and convergent substitutions.
Another possible explanation for the apparent difference in evolutionary history could be that horizontal transfer and recombination in the variable regions of ospC genes from distantly related strains would alter the phylogenetic history of ospC. However, horizontal transfer of ospC among B. burgdor- (27) and greater diversity of B. garinii 16S rRNA, HSP60, and ospA genes (1, 14, 26) . The ratios of d S between the two regions in the B. garinii and B. afzelii alleles are 2.9 and 3.9, respectively. The simplest explanation for these elevated d S values would be recombination between distantly related sequences (15, 20) .
We have also compared the B. burgdorferi 16S rRNA gene sequences with the B. hermsii 16S rRNA gene sequence retrieved from the EMBL database. The phylogenetic tree obtained shows that B. hermsii is more closely related to B. afzelii than to B. garinii and B. burgdorferi sensu stricto (data not shown). This contrasts with the phylogenetic tree obtained for the OspC and B. hermsii Vmp33 sequences (Fig. 5 ) which suggests that OspC from B. burgdorferi sensu stricto and Vmp33 share a common evolutionary ancestor. However, since the 16S rRNA gene is more conserved than Vmp33 and OspC, the phylogeny inferred from the 16S rRNA sequences is more likely to reflect the evolutionary relationship between B. burgdorferi and B. hermsii.
Since the variable regions of OspC most often coincide with areas with a high antigenicity index, it may be speculated that these regions are recognized by the host immune system and therefore are subjected to selection for diversity. Antigenic variation may allow a population of spirochetes to avoid the immune system and persist in the host, or it could have some adaptive function in permitting reinfection of hosts. Using a mouse infection model, Stevenson et al. failed to detect nucleotide sequence alterations in ospC during a chronic infection (24) . However, our finding that the d S /d N ratio is much smaller for the variable region than the conserved region of OspC suggests the possibility that antibody pressure influences evolution of this variable region.
